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A series of experiwents using protons of enérgies from 6.7 Mev to 26 Mev
, were performed to measure the. energy dependence of proton radiation damage on
ponneand non p silicon and gallium arsenide solur cells. The experimental
results indicate that: (a) the energy dependence experimentally obszerved in
” this energy range is in agreement with <the inverse -energy dependence predicted
on the basis of Coulomb scattering and (b) “he minority carrier diffusion B
’f lenztn injection level dependence previously observed at 95.5 Hev is also !
;;f; ‘ cbserved at all the energyles used in this series of experiments. The energy
b dependence is presented for solar cells under one sun equivaient radiation in
: terms of both K values and reciprocal critical fluxes.:
E I ¢ / HoT *__I
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"I, INTRODJCTION

The existernce of intense regions of energetic proton radiation in space
has stimulated comsiderable [nterest in the eflfects of proton radiation on
semiconductor devices during +the last several years. Primary attention has been
directed ir these efforts to silicon and silicon solar cells because of their
nece~sarily high derree of exposure to proton radiaticn when mounted on tne exterior
of spacecraft. Semiconductor devices located in the interior of spacecraft,
though eqﬁally as sensitive to proton radiation, are afforded considerable
shielding from the sateliite structure itself and lence may not constitute as
severe & problam as solar cells. 7

Th: dup2ndence of proton radiation damage on;proton energy is an importént)'
fac.or Bécause of the wide erergy distributica of protons in space and the stroﬁg
dependéncg of radiatiien demxge on incident'proton energy: Protons of a few
hundred electron volts possess sufiicient momentun to produce lattice displace-

Vb e lgé,&:ﬁ&':ﬁﬂ?’fﬁkﬁhmh‘ﬂ‘n et

mer s and subscquent degradation of electrival characteristics in silicon. However,

Y2

the range of protons of energies less than an Mev is quite short and hence penetra-
tion at these energies is insuificient to produce meaningful radiation damage in
covered solar cells. As the proton energy lacresses, however, the moton range
increases resultihg in o practical energy dependence of prcton radiation damage

. which increases sherply with increasing proton energy. In the medium energy rﬁnge,~
i.e., & tew Mev, to approximately JJ0 Mev the proton range is quiteAlarge relatiée
to device gevmetrieg, ard the resulting cncergy denendence of the radiatior damage %
follows ihe classical Coulomb scattering laws. These theoretical relationships

predict an ehergy éependénce wased ou the atcnic displacement ~ross section which

is inversely proportionel to the {ancident proton energy. Extrapolation of tais

energy depcudence to proton energies avove 10C Mev would predict damage rates of
negligible 1mporténce relative to lower energy damage rates. Rowever, high enérgy

1-3

protons have oeen shown ‘to produce considerable damege in silicon due to nuclear

spellaticn. The resulting over-all energy dependence as controlled by the above
\ mechanisus vxhivits a low energy cut-off, rising steeply to a peek degradation

rate in the vicinity of a few Mev depending upon the device coﬁsidered and then
’ 1. At about 100 Mev .
‘plateau is reached vherein damage ls relatively independent of farther increase .
in energy beceuse of spallation mechaniems. . E}

falling off with increasing energy as approximately E
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In the course S protor radietion effects experiments, many latoratories

Vi
;

bave obusinea 2nd jaklished ceergy depondonce cata. Ia these cxperiments, however,
sxperirental techniyues often vary considerabliy and ‘e publishf:d axta exhibit

ir
con~iderable confiict in the onect cnergy dependence of the degradation rate.
la

Recent experiments hove. monfirmed the nonlineesity of sclar cell cheract risties

unéer proton bomvardment which, because cf different ¢..perimental technicues, has

ot
T T T e

“heen responeible for & mejor porticon 5T the 3¢ :é(;:ccm‘nt otserved In the cnergy
o - :l-:p?ndencé of proton demage. Spccifically, it has been observed that K values,
» which are cerived from minority earrier d:ffusion length measurements for proton

kY
W'

o
N

f-“: - irrediated sclar ceils, ere o s*"mg functicn of the-illumination ievel utilized
: % - in their Getermimation. In order to reso"ve th»se disagreements and obtain a mean-
? ingful energy dependence ch_a:;;\ teristic for solar cell power supply design, :
f - ‘experiment was designed to accomplish two Gb,}ectives* {1) Provide practical. £_
'gcf L '.enermr dspendence dat.a on ccrtemporary solsr cexls with consistent danmge pa"&- :*::
% reters over the energy Tange from i to L-O Hev, and (2) Determine the energy oo Ts
ij - : dependzoce of tie obserye€ verdation in :r.inorit»: carries diffusion length uith ;

i% {, iajection lc_ve‘. in ‘u}icon for use in ccrmc‘fmg ecarlier exnerimental data. - -

,: - ™ éssist in attaining the ob.,‘,ect.ivec O\xtlined abové 5 &N cxpe:"imént vas i
? conducted with the 32 Mev proton lirear accelerstor at the UmverS). Ly cf Scuthern ) “'
I Czlifornia. ¥aergy dencndence dats veed: obtained utilizing foil absorvers to . 1
?; . 'vary 1rer energy betveen 6.7 Mev and ”‘, I'ev. The parpose cf this report is to. - ,;
§: present Ut'e, mSt‘lgs of this °xpenmont u: :d compare these results wi th«prev*cms};v . 5
: . obigined resulis at 95.5 M~v ana L59 ov. I T
= : ,

1 paoRIeTIm OF wpaamwm T

) The primary ob,fectives <f this erpﬂriment. vere the acqmsiticn cf ) _ -

qua.n..* tative erperimcutal data cn (1) tne cnergy c‘eoondence of proton radiation l
damage in »ilicon and ga:.hum arsenide so;ar cells and (2} the energy dependence =
. uf the variation ‘n minority cer rlcr AL sicn length vith injection level. ’l'h,ese —
B experiments vere corducted in a-ranrer similsr to those described in a pr*v‘ s’ j_:v
; - report Since a detailed desovmmcn t.f thc. cmerimnml techniques and apparan-';
) (-} ] is inclujed in this previou{s report, the des 1ptions pre’auted below will only .
_ summarize ‘che geaeral experimenml techniques except i.n tbose cases where additiqnal
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uncrioas dere veguiied.  the cerainder of this ceeticn 31 devoted 4o drscriptions

o R s A :
At ol Wi i R¥!

wegfvr.o et vert emed on i e S npecivens, cleeipcetvy

of 't‘ ¢ Lesh snecitens,
measeremonts - € hean encrpy intencity and distribution, and the penerai oxrert - Y.
’ =
7 gonduct of this exneriment. '

macntul techniques f£ollauved 4n o

Solar Ceil Specimens

I8

kit e kit i

ihie test specu.cnb ccnbistcd cf 1 buth silicen end gallium arsenide nélar : .

ceils und additional cilicon raterisl Tor determiratiocn of p.oton induced energy

ieveis through iiall effect measurementz. The silicon solar cells used were Hoff.
cu n silicon solar cells {symbol CEG),
solar celle iswbnl M:M), HoTfuan 10 chm-cm n on P s‘llcon qolar

’n:h:

nan 1 cim-cm p Western ZTlectric.l otnn-‘-}'m )

P

. mén peilicon’
' syrbel OU0y, and XC:'\ T onon gatiiue arsenide soler rells {symbol B)

h L 3‘.-}
] large amount of deta °x1s\.$ng on

groan &cl"r ~-31s ms chasen becguse of ihe

weir ostadliskod quality and repro&uc}blnty,' and Lhe__i:j
' The Ball specimens

Al g

‘these Lys:s of colls,
- represeatation of stave-of-Lhe-urt devices
silizon with

to I (.?m.—yr:. e Bnil rpeclivons vere prr-(-ut to the conveat, wnal qix~B rm vrl)s:n
M"nc""mrent“ of Hall effects. -

.

currently avalliable.

esistivities in the runge of 1 chun-em

u*n:.u,z.cd S otn p and n-typs

o

o s od o CRE 5 i e

~ c-cnfigur::t.m\ for Hus L-l!‘!‘{l(‘xl&- inn
) C: the group of sclay cclls finaily vclccu?d throngl toltial ’xncﬂs"xremcnm» )
‘o XI-%¥ .c?:n:‘txci,eriat_.?.éb end minority carriew 'hff‘uei(n iengths, several cealls of :
fach _typ were subje~td o electron irraciation ¢ purpese cf thie prior:
- v LT N - - . - :
. slevtron irrudiutign UL 4 .UL;.t Lirn for tnds gm‘t!-"x‘.m’ reeuns of ool slandned
.~ zhory efrcult current aepradation slopus snd cmpiricel re’alionshilpe betimen
chort cireait curre m Jensity end nr.vnorit" “carrier dxff‘usion Tengthe for Intoy veas g
/ R S
iN e 1Ll ozneronint. i
) #
- = ) . “8olar-Celi NMeasurements 3 :
zoler cells consisted of 1.V o o

TR e meosurcments perfornéd on the test

characteristies, diffusion length meusurements utilizing both the Van de Graarf
accéle{ator rud the empiricsl short c,i‘rculi cucrent rélationship), ond the vaviation”

“ of ninority capries diffuslon length with injection, level. Of these meeourements,
t&se I-V- eharnc%zw'stic» and the minority carrier difmaim Tength measuraments
using ea.libra'md short eircutz rurie n‘t,-dlff‘ucion length relatinmhips wcjm' parfoimed

i

L
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at the irradiation site, while diffuszion iength meusurements with the Van de Graaff

and the determination of minority carrier diffusion length dependence on injection
level were perfcimed following the experiment at the STL facilities. Additional
i-v chara;teristics were ovtained at the STL facility for compariscn with those
obtaired at the irradiation site to insure adequate calitration and an uccurate 3
measure of any annealing that may have occurred betweer the t‘-lO sets of measure-

ments.

The I-V characteristics were obtained with a 2800°K unfiltered tungsten E
illumipation source. The illumination intensity was maintained at the ceme
level used in aii previous expariments. This iilumination' intensity 1s appi'oxi-

.mately 110 nw/'-r.-:nz nominal sunlight, eqx.{ivalent f;r a conventional soldr cell having

& minority carr*er diffusion length of 100 microns Short circuit curreits weré

Pl R A e T S LA

n

' - acquired from these I-v characteris\.ics detenr_ine degradation as a function uf

gﬁ integrated flw. during t.h_e course of the experi_ment. In a¢dition, these short .
" % {:c _ circuit currents were used /to obtain a;;minbrity ’vazl'r:ier diffusior length under one
g - :ur eqaivalent illumination for the determination of practical " values utiliring

"3; the p"eviously obtained diffusior -ength versus short circuit current empirical )
: :a relatiorships. This tecrmiquc for obtaining minority earrier diffusion lengths i
i§ - at the ;.rradiation site under one sun illumination cox.ditions is described ‘n deta:.l

% in Reference L.

% —_ _ _

‘L Jpon retuning to the STL facilities, measurements of minurity carrie.r

:’ difﬁmion lengths with the Van de Graaff accelerator as a function of injection -
‘ %g level wers. initieted. Briefly, ‘this technique consists of us:}ng a_.\modulatedv )

:i electron beam from the mccelerator to determine the actual mincrity carriﬂr diffusion

length while simultaneously varying the excens carrier concentration through
1lluminat10rx by an ex*erior variable intensity light sourceL. These difiusion

length data were can;.ared with the previmaly cvbtained minority carrier dtfmsion
lengths at the irradietion site ) N

- . -

d - T v, ST : s . - ~
“The Hali specimens bombé;-ded in the étr'ezlimexit were further measured and
. analyzec‘ at the STL facilities using conventivnal tecbniques described in u
fv “previous v'eportb The' purpose of these measurements was to detérmine the nature <z
. l.e.r_xd position of some of the energy levels produced by the pmt;on ;&rrad;cs_t,ion.
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. and sclar cell ionization detectors for determination of beam distribution, an

_beam intensity, and Polaroid film for determination of 1'>ezaunj1;’osit1c5w and o\rer-&ll -

.an incident energy of 26. 0 - 0.1 Mev. For lower proton energy irradiations alumi-

'~ exposures, Carbon-1l activafions, and an array oi‘ solar cells f‘unctioning as

" cenver line of the proton ‘beam” and ihe approximate beam diamehe* a5 a functien of
distance from the exit rort window Afier obtaining a beam di&meter of sufficinnt

:’additionsl Folaroid *’iim exposures. An experimental plate contalning nine electron

. 8653-6026-KU-000

Page 5 :

a

i - £

. - *
Desimetry . ‘

To cb:ain as accurate knowled_,c of the radiation environment as possible,

marticuiar attention was given io meavurement of protcn beas energy, distribution,

o g R L

and i:tensity. Tae techniques inciuded range energy experiments and a solid
state detector-spectrometer for determination of beam energy. Carbon-1ll activation . -3

ARl g T

evacuated Furaday cup and solar ceil ionization de;te:tor for determination of ' -

i ,wl‘ Lo

distri"outi/*n: Aiii}io&gh’ spec.fic ’details of these techniques nprear in & previous
4
renos at , & brief summary of each function will be given oelsv > - -

[T

;‘,azé protbn énergy of “the ‘extern'al bcam incident on the test srecimens was

o

determined with rarige energy experiments using Varytng thicknesses of aluminum .
fo3l and a solar cell as an ionization detector. Analysis of_the resulting Bragg -

-

TR

curve yielied a maximum energy 1nc1dent on the test specimens, located approximately
6 feet frcm the exit. port, of 26. ol 0.5 Mev. In addition, a solid stete Junction :

detector was placed in the beam and .a calibrated puléé height enalvsis yielded : -

- ten 20,0 X i, e

4

num foils were stacked in front of the test specimens to degrade the incident

EAEE TS

beam energy. Calculaticns verformed on proten straggling indicated thet a lower
11mit of about 9§ Mev incident proton energy would be available from the primary

3& Mev beam without appreciadble energy straggling. Experiments below this 5 Me;i’ ’
limit, therefore, were not attempted because of the rapidly increasing uncertainty

M T g A Sy 100

in the dat,a cauged by energy straggling at these lower energies,

- Proton veam distrilmtion and position were determined with Polarcid film

ioniutlcn detectors. Polarcid film cxposures were initially used t.o determine the

R R N

st~ s S

sue at a distance ol 6 feet from the exit port, the experimental apparatus was ,
installed and further alignmenss of the apparatus with the beem were obtained with .

prebombarded solar ceilis arram’ed uniformly over 16 cm& was placed in the experi-
mental appara‘cus ‘for mr‘chcr determinations of aJ ignment and beam dwtrrbuticn , -

~
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When as accurate alignment as possible was obtained with these techniques, Carbon-11l
a-tivations were initiated fcr final determination of alignment and bzem distritu- ©
tion.

The use of 0.066-inch thick polyethylene sheets for Carbon-1ll dosimetry
and thz associated techniques of handling and counting ere described in detail
in & previous reporth. 'Ihe polyethylene was pre-cué to 1 cm2 r:hii)s, wei ghed
and graded, snd mounted on experimentel plates over areas ranging from 16 cma to
100 cm2. Thes‘e chips wore mounted on plates identical to test svecimen plates

i resb.lting in accurate placement of the polyetiiylene chips in the experimental

apparatus for determination of beam charecteristies. Fclliowing the initial align-
ment and setur procedures outlined above, a series of three Carban-1l activations
were performed at 26 Mev for final determination of beam alignment and distribution.

The results of the Carbon-11 activations are plotted and ai’:’alyzed ts yicld

isointensity contours. —_‘n:e first Carbon-1l activation performed at 26 Mev ylelded ‘

the isointensity contour shown in Figure 1. As is observed in the figure, the .
experimental appaeratus is properly eligned in the vertical plane tut is out of
alignment by approximately 0.2 cm in the horizontal plane. The apparatus was

reJaligned and additional Carbon-1ll activation: were performed to/ obtain geod sta~

tistical results for both absolute and relative protcn distribution and intensity.
The sample position, i.e., the center U cm2 of the proton beam is wbserved to
possess a maximum variation in proton 1ntensity of apnroxirately 12 per cent. from
the center of the beam to the edge of the specimen area.

After completion of the experiments at 26 Mev, aluminum foils were placed
in the experimental apparatus to degrade the beam energy to 20 Mev. 'The foils, )

_ in eddition to degrading the beam energy, alsc aid in flattenisg out the beam

distribution through Coulomb scattering in traversing the absorber foils. Addi'-
tional Carbon-ll'activafions were peri’omed at 20 Mev, 'lypical of tbe 1sointentity

“‘contours obtained is Figure 2 1n which the observed variation in intensity across

the specimen area is -educed s few per cent fru.m that observed at 26 Mev. ,In -

later experiments at lower proten energies, car‘oon-ll activations were performed

but little usable data were obtained because of the rapidly decreasing Qetivatim
cross section for Carbon-ll below 20 Mev and the increasing importance of the

‘e
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Figure 2. Isointensity Contours Obtained with Carbvoa-ll
Activation at 20.0 Mev
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Nitrogen-13 active*tion cross section at these energies. The resulting radioactive
decay scheme wae too complex to be handled by the apparatus on hand at the site.
Yowever, the use of successively thicker foils at lower proton em:rgies further
reduces the intensity variation across the area through Coulomb scattering. Since
the amount of intensity variation across the test specimen is small initially,

the decrease in this variatién at lower energies can be obtained from extrapola-~

" tion of data at 26 and 20 Mev with negligitle inaccuracy in the over-sll intensity
determinations. ' '

In addition to using the Carbon-1ll activation for determination of relative
beam distribution, absoclute intensities wers obtained from the rerbon-11 activation
,counttrateé after 1ncluding>the necessary corrections for counter «fficiency,
gecmetry, ete. The ﬁroton intensities obtained through Carbon-1ll activation were
-in agreement witﬂin S5 per cent with proton intensities obtained with the Faraday
cup and sclar cell ionization detectors. Since the absolute activation cross
gsection, counter efficiency, and geametric factors are not known with accuracies
any better than S per cent, it i1s concluded that the intensities obtained with
the Carben-1l activation technique are in agreement with those obtained by other .
techniqgés within the over-all experimental accuracies involved.

Actual proton intensities wefe-obﬁained in the course of the experiments
with an evecuated Faraday cup of conventional design. The evacuated cup included
an inner sunsing chamber, & buck-scatter shield, and a-secondary repeiling grid.

The ~utput of the Faraday cup was coupled o a current‘integrator which allowed
‘Vcontinuous recording of both the pfoton intensity and the total integrated
exposure. The Faradsy cup cont.ined-an entrance'apertﬁre 6f‘10 cma. The fraction
of the total collected charge in the cup attributed to that portion of the beam '
pagaing through the sample urea was obldined through aralysis of the previously ’
described Carbon-l1l dctiv&tiqne. Initial checkout of the Faraday cup consisted
of varyirg the grid potectial frem +4OC to -4OO volts. Negligibie change in
indicated beam current was observel indicating that forwurd scattering off the
vacuu window and back scatteriag out of the inner cup had been satisfactorily
held to & minimum through cup design. In addition, no ionization breakdown was
obgerved at the high voltages indicating that chamber vacuum was sufficient. The .
Faraday cup was located in the experimental apyaratué immediately behind the test
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specimens. At each energy a dummy plate «f test specimens was utilized to obtain

the correction factor necessary for the change in intensity incldent on the
Faraday cup procduced by the test specimen plaie. This correction factor was t

~ound to be negligible in all except the l.owest energy series of experiments.

In addition to measuring the proton intensity with Carbon-11 activation
and a Faraday cup, & group of electron prebombarded solar cells was placed in
. the beam and the resulting ionization curreats measured. Inowing ithe minority
; carrier diffﬁsion length in the solar cell and the eiectron-hole pair generation
rate fram handbook values of dE/dx, the absolute proton intersity incident on
the solar éell can be detefﬁined‘ The proton intensities obtained with this
technique agreed within S5 per cent with the intensities determined with the

p . Carbon~11 activation and within 2 per cent with intensities determined with the

is included on the rails so that test plates ma:- be remcved from ihe beam at

. Faraday cup.
B 4”: Experimental Setup
R '
% The experiment&l fixture utilized in thie series of experiments is the
: ‘ same fixture utilized in previous experiments at-Montreal and San Diego wich only
E 51light modifications in the Faraday cup co<improve effectiveness for pro%ons of
; these energies. The axperimental fix' ire consists cf a hasc on whiqh is mounted ==
3 an adjustable platform with adjustusent in the vertical and horizental directions
éu for fine aiignm:nt of instrumen.ation and tesi specimeans relative to the center
? line of the irradiating beam.- On this adjustable platform the Faraday cup is
% mounted. Tmmediately in front of the Faraday cup are locited a ceries of rails
i for the insertion of experimental plates, Carvon-1l pla-es, and film. These ¥
%l rails are also attuched to the wlatform in order that the relative vosition of
z‘ the tug* specl ...s and the Feraday cvp be fixed. A i1e2motciy operated solenoid
;

any time during the course of an experiment. -

The experimental jig was placed & feet from the proton beam exit port

A BIAL 0

FIABLE v S i
i
’: A

window tc obtain maximum beam defocusing with a minimum erergy loss in traversing

=

the air. The foils for further attenuation of the proton veam were placed on
the first rail immediately in front of the test.spevimens which were located
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on adjecent rails. In order to oblain as cccurate data as possible, stacking of

test sperimens w~as not performed in this experimeny.

IIl.  RESULTS

Six. separate series of expeoriments were conducted at the five different
proten energies of 26 Mev, 20 Mev, 1.5 Mev, 10 Mev, and 6.7 Mev. Two experiwents
were conducted at 26 Mev because of the importance of this energy and the fact
that experimental errors were most likely to be encountered st this energy due
to the tightness of the beam distribution  The results of these experiments and
the subzequent post-irradiatio’ weasureme:*s of the diffusion length dependence

on airjection level are proserted in this section.

) Short circuit currert datlc were oObtained fiam the I-V characteristics and
plotted as a fanclion of integruted proton flux during the course of the irradigm
tion exzeriments. The resulting degradation curves are shown in Figures 3 through
B. The s.ope of the degradation chara.teristic for each of the three types of ‘

cellis testird was obtainad in the preliminary electron bombardment calibration
experluents as deseribed earlier. These slopes, found to be 6-1/4 ma/cm2 per
decede for the } chm-:m p on n and n Gu p celis and 7-1/b ma/cm2 per decade for
the 10 cnr-cm n on p <2lls, are indicated in each of the figures. The slightly
higher that normal slope obtained for tne 10 ohm-cm n o. p solar ¢ells is thought
to be attributed to back surfnce effects causing either mincrity carrier reflec-
- tion or optizal r:flection off the hack surface ~f the cell to be a significant
coniributicn to the observed shcrt circur currents. As is observed in the
figurﬁs, tre resulting lata points 1it the linear slopes quite accurately. The
&p velues to. oe vsed in determining the energy dependence were obtained at the
;gterseCtian of *he siandard slope applied to each individual solar cell wiuh
19 ma/cmz. Galllum arsenicd= solir cell: were irradiated at 10 Mev and 26 Mev
as ¢hown 1n Figures 4 and 8, resp -~tiveliy In these figu:es the short cirecult
currents shown are total currente for the 1 cm x 2 cm devices for convenlence
v in comparison with egilicer celiz on the same scale. As shown by the data, the
galilum arsenide cells are s gnificantiy more radiation resistant than silicon
;w) celLls, and -omplete degradation characteristice were not attainalle within the

beam time available.
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The energy dependence of protcn radiation damage in silicon solar cells
was obtained usiag both X* values and reciprocal ic values. A plot of K values
for silicor solar ceils versus incident proten ener.. is shown in Figure 9.
Included on this piot are data previously obtained at 95.5 Mev and U450 Mev. The
1 om-cm n on p Western Electric cells and the 1 ohm-cm p on n Hcffman cells
used in this series of experiments are identical to those used at 95.5 Mev render-
ing direct comparison possible. The K value obtained on older 1 ohm-cm p on n

. deep diffused silicon solar cells obtained at 450 Mev is shown for comparison

with data obtained on a similar type of cell at 95 ..5 Mey. Two of the series

ot eipe’riments conducied at USC, i.e., the 6.7 Mev experiments and the 26 Mev
experiments, require furtiher comment. At 6.7 Mev, the 0.005-inch thick alumirmum
vacuun window cn the Faraday cup becomes signi’icant in terms of the strazgling
distributicn obt,ained from ’cha initial 32 Mev beam. To determine beam attenuatiou
prodced by this window, a solar cell used as an ionization detector was monitored
both with and wi thout a .005-inch aluminum foil in front of it. Tae correction
factor obtamed for the Faraday cup was 20 per cent. This correction- factor

was used in correcting both tne 6.7 Mev short circuit current .ata si)own in Figure 3

and the suosequent 6.7 Mev K values shown in Figure 9. At 26 Mev the tightness
of ‘the‘ beam distribution rendered alignment during the course of “he experiments
criticsl. At the conclusion of the series of experiments from 26 Mev to 6.7 Mev,
obse.vation of the raw data indicated that the 26 @#-v data did not appear consis-
fi;nt with tfv- remaining data. A second series of experiments were then run at
26 Mev eag ‘he results of both 26 Mev eyperiments are shown in Figure 9.

% K values are derived from the expressions 4 E

.1_2_ = .15 + £ ' ‘ -
L L
o
and 5. : o .
%1L = K : (2)

~where K 1e a reagure of the radiation sensitlv}ty ¢f the bulk silicen minority
carrier diffusion length. The principal advantage of K values is their independence

of solar cell surface charecteristics, illumination source spectrum, and optical
reflectivity eifrcts. For any particular type of solar cell, an empirical rela-
tionship can be established between K valuee and ¢ values. Thie relationship,

however, is dependent upon the spectral content of the illuminating source used

for obtaining the §c values.
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Figure 9. Proton Energy Dependence of Silicou Solar Cells
, Determined by K Values under One Sun I[llumination.
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As described in a previous secticn, the accuracies to vhich proton beam
energy and integrated proton flux'were deternined are better than M 5 per cent.
Therefore, the mejor umncertainty in the experimental data points is the variation
between solar cells in any given group. These variations in recponse of solar
cells to rad-ation are approximately 15 per cent for n on p cells and approximately
30 per cent for p on n cells in lo%s of the size used in this experiment. For
these reasons, uncertainty limite of the above described amounts are p.aced on
each data point. A straight line having a slope proportional to E-lln(fm/ZEd),
which is approximately equal to E~0’93, is drawn through each group of dita
points. This straight line shows gond agreement with all the experimental data
points in the range from 6.7 Mev to 95.5 Mev. The data point on older deep diffused
1 ohm-cm p on n silicon solar ceils at 95.5 Mev i in good agreement with the
slope shown for contemporary 1 ohm-cm p on n solaf cells, vwhereas the data points
for 25 similar cells tested at 450 Mev lie significantly above this slope. This
behavior supports the departure from simple theofy,bfrhigh energy proton irrsdia-
tion damage on solar cells predicted on the basis of theoretical calculations

3
descrived in previous reportsg".

Since it has been previously shown’4 (and will again be demonstrated in a
later section) that diffusion length ménsurements on proton bombarded cells vary
with injection level, it is important co remembef that the K values shown in
Figure O, as well as iﬁ all previcus Jork, are K values obtained at apbrOximately
one sun illumination levels. For diffusion length measurements obtained at lower
injection levels, i.e., by e‘ther electron or proton beams, measured K values
will differ considerably frcm those‘sﬁown in Flgure 9 bYecause of the lower injec- °
tion levels produced by these techniques. The data on K values shown in Figure 9
were obtainéd fram diffusion length measurements acquired under cne sun intensity

as described in the previous section. 3

A similar energy dependence is obtained using reciproca{ ic values as shown
in Figure 10. “The energy dependence based on reciprocal fc values is observed
to be identical to that based on K values with only slight relative shifts between
dif{ferent groups of cells depending on unrelated but varying chargqteristic
diffuvrences between groﬁps of cells such as surface characteriztics and back
surface reflectivities and/or recombiqation,velocities: As in therpreviously
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discussed Figure 9, the data shown-in Figure 10 support the theoretical predictions
of an energy dependeuce linearly proportional to 'E-lln(’m/QEd).

In summary, all experimental data obtained in the energy reglon from 6.7 Mev

to 450 Mev support & linear inverse energy dependence of proton cdarmge in silicon
for energies up co about 100 Mev. Above 100 Mev gradual departure from the

7 inverze encrgy dependence is observed at LS50 Mev as predicted on the basis of
theoretical relationshivs involving spallatior. mechanisms.

+
Follcwing the series of <xperiments at the USC proton accelerator site,

the test specimens were returned to STL and an exiensive series of posi-irradia-
tion measurements were performed on the effezt of njeciion level on o-served

;_\ minority carrier diffusion lengths. The depe:.lence of observed minority carrier

diffusion length over the range of injection levels of prectical importance

» had earlier been &Sbserved and ‘mmavredh. The techniques utilized in measuring

% i the injection level dependence on this group of ceile wereidentical to th2 tech- T
gx {: niques previously usedh. iiepreéentative cells from each irraaiaticn energy

group were tested. The rosults of these measuremenis are shown in Figures 11

through 15 es & function of bombarding proton energy. Several interesting trends

[ ]

are observed in the data. The characteristic shape of the curves relating minority
carrier diffusion lengtne to injection levels 1s essentimlly independent of the

At

protun energy used to produce the radiation camage. Also, both ‘the p on n 1 ohm-cm

% golar cells and the n on p 10 ohm-crr solar cells have a steeper dependence of

j?; apparent minority cerrier diffusion length on injection level than the n on p

%z 1 ohm-cm sclar cells. In addition, none of the curves show any evidence of approach-
‘; ing an upper limit of diffusion length at the higher injection levels.

g The origirael minority carrier diffusion lengths of this group of solar cells
gj - ranged Yrom 150 to 225 microns. Aftcer the series of proton irradiations at USC

3& N were ccmpleted, the irradiated 'solar cells had minority carrier 4. "fusion lengths

?g ranging fram 5 microns to 50 micront. The solar cells used for tﬁe post-irradia- y
£ tion measurements of minority carrier diffusion length versus injection level,

;f were chosen for as wide a range of radiation damage as possible. In order to study
’gi { the effect of proton energy on the injection level dependence for sact particular )

type of solar cell, the data vere normalized to zero injection level minority

-\“
[N -
g
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3

carrier diffusion lengths and replotted ss an energy dependent family of curves
for each type of cell as shown in Figures 15 through 18. Several tentative
conclusions can be drawn from the results shown in Figures 16 through 18. First,
the increase in epparent diffusion length with increasing injection levels is a
fractional increase cof the zerc injection level diffusion length regardless of
the absolute magnitude of the zero injection level diffusion lengih. Secondly,
the provon energy dependence of the apparent diffusion length variation with
}naectim:. level is either slight or nonexistent in the proton energy range from
6.7 Mev to 95.5 Mev. Finally, the magnitude of this effect is sufficient to
reguire care in the planning of proton raciation damage experiments on nilicon -
devices at any proton energy.

There are two genera.l shorteomings to the injection le'(_ei dependence data
presented in Figureé 11 through 18. First of all, the technique for obtaining

these data results in a nonlinear excess carrier concentration as a iuncﬁion of

“depth in the solar cell. Hence, the application of these data to Hall, Shockley-

Reed analysis in an effort tc obtain information concerniang energy level structure
is exf;remely difficult. Secondly, the resolving power of this technique sppears

to be inadeguate to delineate the nature of a second order energy depeudelnce term
for the effect. Howaver; the primary ptzrpose of chese measurements was to determine
the existence of an injection ieveljdependence of importance over this energy range,

and that oojective has been conclusively attained by the data presented in PFigures
11 through 18. : T .

=

Iv, SUMMARY AND CONCLUSIONS

[

A series of ‘proton irradiation experiments were performed with the Univer-
sity of Southern California 32 Mev proton linac covering the energy range from .
6.7 Mev to 26 Mev. The results of these experiments are incorporated with the

foesults o previous experiments at 95.5 Mev and 45C Mev on similar types of test

fpecimens in an effort to determine the energy dependence of proton radiation

_,damage in silicon. The results of this work -support -the. proton energy dependencé

predicted on the basis of theoretical relationships involving simple displace-
ment theory, Codlomb scattering, and spallation mechanisms. Gthe resulting enargy

‘dependence is found to be approximately inveraely proportioml to proton energy

R L 20 vl - Ao b it o 1 : »




s

hwnmnm [SELYe Y £
Jo :o._"voﬂﬂ 9 8% 87730 JI8T0S5 UUOITIS u uo 4 wo-umo

o S SI Y  45 4 dn i s

veugOR

)

TOL B RN R e 1

R A N it s |

26-KU~000

’

A,

8653-
Page 29

(") sT190

ASW L9 L4

xejos ujd wWd~T |

D

JOo eouspwdag ToAeT uoljoafur nww:mq UOTSTII T I3TLIED £33 :Hoag wa mﬁsw,rm -
o1 (gwdreun 25 oL g _
. . ®FO gt

g o
g | o J v
& , 3 22 2N

¢ 1
B um-
1, | -
_ - sl M
i 11
4. pe
. gl m

-
5 L
) o 7
, — 3 gy 4
o] T
m , i N |
AW §°'¢c6 | Ti m. !
, . AW 972 %1 © s
ASWN 0z 1 % oe
. ABW 61 81 .
AN 0T 2y + s
) 4

IR

>

o
'

&

R

"

1
. DU -
U Iy o AN e g LK 1 BTN A kM bAaatL

A

!



8653-6026-KU-000
Page 30

N
oo

fBasug uwor0xd IO
UoTIOUNI B §B STT3) JBWTOS UOOTTIS d UO U ud-ulfo [ OTJI3DITH WISSIM

)

Jo sxuspuadaq .Hu>mq co«.uowﬂnH ﬁbdmﬂ MOTSTYJTA JI9TFXXB] LZTJIOUTH LT aanBrd
?EUBEV ISp- -
NOF ol OOr vOr N.Omu.,
“ e §E7
| & 9 E
, o @ A
© i)
. . D 4
+ h_v & )
w ¥l
} 5
i . ST
[ J 1 -
2. - o'l
+
—
> 37
¢ °
A4 3 .
5%t
_ ! ~
o 4
o AN G'ch G a
AW . 37 a-¢ ]
) AW 02 q-8 X Wil
AN . ¢l q-21 ¢ ON
AW ot Q- +
AN L°Q 9-01 ® -
ONMIN) sT1eD xefos d/u wd- Ry .
— : ze
« .
A : ve
- :
r A TR v ¥

wadinneat . b B o A sl SR P na s S ERE AN S fo PR

ity

)

s,




865 3-6026-KU-000

Page 31

1 - vengy At 2 S E_fu& NPT G e, . .y e
T o e i P SETSSGT SITG  G Fe MRS e

o .4 . N Loy \,:..33.?,;.". LT NP N [P |
hiiadlan S SRECTIpINN - e AN NTCIRETIIT L Lo B
, fBraug uojoxd
JO UOTASUTYd B S® BTTIJ JBTOS UODTTIS d UWO U wo-myo T UBKIJOH
Jo souspuadaq oAl voTrdalul y1BUST UCTSHIITI I91JI8] A3TIOUTIR QT sanZyd
ﬁ , wo/ewn S , ,
201 o feuarewy nOt oL g € 20k
s T——— T T l_ T T O v
+ 3 : m w
m ®
* X ‘ .
g (A1
! g 9 | )
° ?
|
g . B v
@ PY _ ] v i o
- h ¢ | m : 7
ﬁ 4 H m
L F i S A 1 .» ——— m 1
M _ﬂ * ‘M‘ 1 N v T @ L d
1 i w i
8 ! _ ) i i | -
+ . M m .~ w -t
! v 1
[ i c 3
@ ' h { : St 3 .
h ) H T N o gt
m“ ‘ m H m U" )
! o | | B
a

* - . : AW 92
. AN 02

AW (2§
AW o1
AN h'@

<}
<7

: =

I

19
ca

Lo

‘mo
1L

T

e+gdXo

{ONnQ) sTreo tej0s d/u Eu..ﬂw ot

PP —

e

NS BEghr Tll Lns (rmtae ot aen

o
—

~a

A T




s "
“

KR TPAPR

Ay A

TR

AR TN T a m s
SR N

o

SRS

kS

e

Tk
(A

2
%

{

8653-6026-KU-000
Page 32

for energies up te about 100 Mev. At energies above 100 Mev, the damage dependence
on further increases in proton ernergy is found to become gradually less, theoreti-
cally approaching a plateau indzpendent of proton energy because of the important

contributions from spallation induced defects.

fdditional experimental evidence of the dependence of minority carrier

diffusion length and hence, K values, o the injection level used to determine
these energy dependences has been presented. At least to first order terms in
energy, there is no energy dependence of the apparent diffusion length dependence
on minority carrier injection level. It has also been shown that the changes in

~ observed mincrity carrier diffusion lengths as a.functfoé of injection level
can be expressed in the initial stages as fractiomai éﬁhnges of the zero injection
level diffusion length independent of o amount of rediation damage xisting in .
the silicon btase material. Though thr- spplicatior of Hall, Shockley-Reed statis- .
tics predicts an injection level dey gience of :9cnmbinétion center controlled
';incrity carrier diffusion lengths silicdn,iihe injection level range over
which this dependence actually‘occu;. apprurs to be 1mportantlin solar cell

experiments involving proton irradiations bat . « ~<tron irradiations.

The‘experimeﬁtalytechniques»utilized in these studies to obtsin injection
level dependence are designed primarily to obtain messurements of the ﬁagnitude
of the effect as applied to silicpn solar cells. For determination of the actual
energy level structures involved under electror and proton irradiations, these
measurements would have to be performed in a somewhat different manner to yield
experimental data conveniently applicable to enalysis through the ﬁse of Hall,
Shockley-Reed recombination statistics. ¥

In conclusion,- thece experiments have shown that the ehergj dependence
of proton radiation damage in silicon is in agreement with theoretical relation-
ships. Howsver, the absolute magnitude of the damage rafte characteristic as a ”
function cf energy depe;ds'ﬁpon the injection level at yhich the energy dependence I
: is detefmined. In this report the erergy dependence haé been shown at injection
levgls approximately equivaignt to one sun illuminatmon for silico.. solar cells

‘ ' in order that the data be of direct practical value in the design- of solar cell

-power supply systems. The utilization of these data for other proton radiation R =
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damage problems in eilicon will require an evaluation of the injection .levels to
be experienced under normal operation followed by a correspending shift of
the magnitude of the damage .onstant to account for the change in apparent damege

as a function of injection level.

W . o . (. . . | o
L2 : o, WA G
B Ay e g ey 1w nerm | m e St te A - e

iz iy by

g Lo
P &b\::.j':{’:":z?. ﬁ;\}&.";‘é&

B a1 T ) e St

g
i

RIS trmry e
TR

¢
5

A

PRI

oW

580



865 3-6026~KU-000
Page 34
REFERENCES
i. J. M. Denney, R. G. Downing, "Finezl Report on Charged Particle Radia-

iion Damage in Semiconductors, I: Experimental Proton Irradiation
of Solar Cells," Coniract NASS5-613, 8987-0001-RU-000, 15 September 1961.

o

J. M. Denney, R. G. Dovming, G. W. Simon, "Charged Particle Radiaticn
- Damage in Semiconductors, iII: The Energy Dependence of Protcn ‘
Damage in Silicon,” Coni:r.r 2S55-1851, 8653-6005-KU-000, 4 October 1962.

3. J. M. Denney, R. G. Downing, G. W. Simon, "Energy Dependence of Proton
Damage in Silicon," Physical Review, 129, No. 6, 2Lsk, (1963).

f 4, J. M. Denney, R. G. Downing, M. E. Kirkpatrick, G. W. Simon, W. K. Van
Atta, "Charged Particle Radiation Damage in Semiconductors, IV:

{- . High Energy Proton Radiation Damage in Solar Cells," Contresct NAS5-1851,
3653-6017~KU-00C, 20 January 1963. ’

N 5. J. B. Carter, R. G. Downing, "Charged Particle Radiation Damage in

-i‘é} 7 Semiconductors, VII: Energy Levels of Defect Centers in Electron and
Proton Bombarded Silicon,” Contract NASS5-1851, 8653-6021-KU-000,

15 February 1963.

E)

N \ 7 .
KL i armiamimg 8 Yo § WAt o e o] ot it b s, S A : - 4 [
, . N B i Rt AT s i W3 AT gk RS 52 P 8 S e RS+ Sttt e T U eiank 3 ot e a4
L]



